Background: chronic exposure to supplemental oxygen (O 2 ) induces lung damage and mortality in a sex-dependent manner. The effect of short-term hyperoxia on the newborn pulmonary vasculature is unknown but is, however, of clinical significance in the neonatal resuscitation context. We hypothesize that short-term hyperoxia has a sex-dependent effect on the pulmonary vasculature. Methods: Following 1-h 100% O 2 exposure, the pulmonary arteries and lung tissues of newborn rats were evaluated. results: superoxide dismutase 3 (sOD3) expression in female pups' lungs was increased as compared with that in the lungs of male pups. as compared with air-treated pups, the response of male pups to thromboxane was increased by O 2 , whereas the opposite effect was documented in the vessels of female pups. The enhanced force of hyperoxia-exposed arteries of the male pups was suppressed with superoxide or peroxynitrite scavengers, and increased lung sOD activity and hydrogen peroxide content were seen in female, but not in male, rats. hyperoxia induced an increase in lung tissue oxidative products and Rho-kinase (ROcK) activity in male, but not in female, pups. conclusion: a lower lung sOD content and failure to upregulate sOD activity facilitates peroxynitrite generation and ROcK activation in hyperoxia-exposed males, predisposing them to pulmonary vasoconstriction. These observations, if relevant to humans, may explain the increased mortality and higher incidence of pulmonary hypertension in male neonates.
P
ulmonary vascular resistance is high during fetal life and rapidly decreases after birth to allow for adequate pulmonary blood flow and alveolar gas exchange. Oxygen (O 2 ) is a known pulmonary vasodilator and an increase in PaO 2 levels after birth is considered one of the major factors responsible for the rapid decrease in pulmonary vascular resistance during the transition from fetal to postnatal life (1) . The clinical use of supplemental O 2 for newborn resuscitation was originally predicated on expediting the decrease in pulmonary vascular resistance, thus optimizing arterial oxygenation at birth. Yet exposure to supplemental O 2 at birth triggers the production of reactive O 2 species (ROS) and promotes oxidative stress-induced tissue damage.
The immediate neonatal period is associated with significant oxidative challenges. Comparative studies of plasma isoprostane levels, a by-product of oxidative stress, show higher levels in the newborn as compared with adult subjects, and this difference is even greater for premature, as opposed to term, neonates (2) . Of greater concern is the observation that supplemental O 2 -induced oxidative stress at birth may result in altered plasma antioxidant levels for up to 28 d after birth (3) . The therapeutic use of supplemental O 2 during newborn resuscitation of full-term infants is controversial because of its adverse effects. As such, recent guidelines recommend that room air be used in the resuscitation of healthy neonates (4) .
Data from randomized clinical studies in neonates demonstrated that, as compared with air, resuscitation with 100% O 2 causes oxidative stress and alterations of the glutathione redox cycle enzymes (5, 6) . Myocardial and renal tissue oxidative insult (7) and increased mortality (8) have also been reported in newborn infants resuscitated with supplemental O 2 . Little is known, however, about the effect of short-duration exposure to supplemental O 2 on the lung during the neonatal period.
Chronic exposure to hyperoxia induces alveolar growth arrest, pulmonary vascular, and airway remodeling changes similar to what is observed clinically in infants with bronchopulmonary dysplasia (9) . As compared with adults, however, newborn rodents are more resistant to chronic O 2 exposure and are much more likely to survive while breathing O 2 (10) . Whether short-duration O 2 exposure is also less harmful to the rodent lungs during early, as compared with later stages of life, has not been adequately investigated.
Significant sex-related differences in the rodent survival rates were observed following chronic exposure to hyperoxia. Female rodents are more tolerant as compared with males. Castration of young male rats increases their tolerance to chronic hyperoxia exposure for as yet unknown reasons (11) .
Female preterm infants exhibit greater survival and lesser morbidity as compared with male neonates (12) . In humans, sex differences in the tolerance to oxidative stress also appear to be present because following exposure to antenatal steroids, the antioxidant capacity is greater in female, as compared with male, preterm infants (13) . 
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Oxygen and newborn pulmonary vasculature
Supplemental O 2 -induced ROS formation has a negative impact on the bioavailability of nitric oxide and generates molecules such as peroxynitrite that are powerful pulmonary vasoconstrictors in newborn rodents (14) . Superoxide has also been shown to induce pulmonary vasoconstriction in rats via generation of peroxynitrite (the reaction product of nitric oxide and superoxide) and activation of the Ras homolog gene family member A (RhoA)/Rho-kinase (ROCK) pathway (15) .
Little is known about the effect of short-term exposure to O 2 on the newborn pulmonary vasculature and possible generation of peroxynitrite, as well as ROCK activation in the process. Therefore, the purpose of this study was to evaluate newborn male and female rats exposed for 1 h to 100% O 2 . We hypothesized that a short-term O 2 exposure would alter the pulmonary vascular tone in a sex-and age-dependent manner. In addition, we speculated that a hyperoxia-induced increase in pulmonary arterial muscle contraction potential would involve peroxynitrite generation and ROCK activation.
RESULTS
Oxygen Exposure and Lung Oxidative Stress
Superoxide, a key ROS molecule, once generated is rapidly dismutated into hydrogen peroxide (H 2 O 2 ) by tissue superoxide dismutases (SODs). As such, we measured lung tissue H 2 O 2 as a marker of ROS generation. Exposure to hyperoxia significantly increased the lung H 2 O 2 content in female, but not in male, pups (Figure 1) . Hypothesizing that the sex-related differences in lung H 2 O 2 were related to a distinct hyperoxia effect on SOD activity, we proceeded to comparatively evaluate this parameter. Following hyperoxia, a significant increase in lung tissue total SOD activity, but not mitochondrial SOD activity, was observed in female, but not in male, newborn pups (Figure 1) . To further elucidate this sex-dependent SOD activity increase, we comparatively evaluated the SOD1 and SOD3 (SOD2 is the mitochondrial isoform for which no activity changes were observed) lung expression in male and female pups. As compared with males, expression of SOD3 was found to be significantly higher in the female rat lung, whereas no sex difference in SOD1 expression was observed (Figure 1) .
Glutathione is the most important antioxidant and, among other functions, it detoxifies H 2 O 2 via the glutathione peroxidase-facilitated conversion of reduced glutathione (GSH) to oxidized glutathione (GSSG). As glutathione peroxidase activity is upregulated in the presence of excess H 2 O 2 , we measured the lung tissue GSH and GSSG in air-and O 2 -treated animals. Under normoxic conditions, the GSH/GSSG of female pups' lungs was significantly lower than those of their male counterparts, suggesting increased H 2 O 2 availability ( Articles Enomoto et al.
increased the lung GSSG content in both sexes but to a greater extent in the female, resulting in a GSH/GSSG ratio that was significantly lower as compared with that of male pups (Figure 2 ).
Hyperoxia and Pulmonary Vascular Tone
Hypothesizing that the sex-dependent changes induced by hyperoxia in the lung were associated with alterations in the potential for pulmonary vasoconstriction, we proceeded to comparatively evaluate the response of pulmonary arteries to two distinct contractile agonists: thromboxane A 2 analog and KCl. The dose-response of pulmonary arterial muscle of the newborn (1-5 d old) rat to the thromboxane A 2 analog (U46619) in male and female animals studied under normoxic conditions is shown in Figure 3 . A comparable U46619-induced force was observed in male and female pulmonary arteries of air-exposed animals. Exposure to O 2 significantly enhanced the U46619-induced force in male arteries, whereas the opposite effect was noted in vessels derived from female pups. A similar increase in pulmonary arterial force was observed in O 2 -exposed male pups stimulated with 128 mmol/l KCl, whereas no difference was noted in the vessels of female pups as compared with airtreated pups (Figure 3) . The pulmonary arterial responses to endothelium-dependent (acetylcholine) and -independent (sodium nitroprusside) vasorelaxant agonists were evaluated, but no significant hyperoxia-induced changes were observed for either sex (data not shown).
To ascertain whether these changes were also observed following ex vivo exposure to hyperoxia, we studied male and female pulmonary arteries incubated for 1 h with KrebsHenseleit solution bubbled with 94% O 2 /6% CO 2 for 1 h. Under these conditions, both male and female pulmonary arterial dose-response to U46619 and 128 mmol/l KCl were significantly enhanced (Figure 4) .
We evaluated whether the O 2 -induced sex difference in force generation was unique to the immediate neonatal period. Toward this goal, we assessed pulmonary arteries obtained from 2-wkold animals equally exposed to 1 h of 100% O 2 or air in vivo. As shown in Figure 5 , whereas the potentiation of the force doseresponse was no longer present in the male vessels, the female pulmonary arteries of hyperoxia-exposed animals exhibited an even greater reduction in the U46619-induced response.
Hypothesizing that the sex-dependent hyperoxia-induced pulmonary vascular tone changes were related to whether ti ssue-generated superoxide resulted in peroxynitrite formation or its dismutation to H 2 O 2 , we evaluated the newborn p ulmonary arteries of both sexes in the absence or presence of a SOD mimetic (Tiron) to scavenge superoxide, 5,10,15,20-Tetrakis(4-sulfonatophenyl) porphyrinate iron (III) chloride, a peroxynitrite decomposition catalyst, or polyethylene glycol (PEG)-catalase, a H 2 O 2 scavenger.
In the presence of 5,10,15,20-Tetrakis(4-sulfonatophenyl) porphyrinate iron (III) chloride, the pulmonary arteries of airand hyperoxia-exposed pups showed similar agonist-induced force, in support of the likely role of peroxynitrite in the hyperoxia-induced enhancement of the U46619 dose-response in male pups ( Figure 6 ). In the female pulmonary arteries, incubation with either Tiron or PEG-catalase abrogated the reduction in U46619-induced force following hyperoxia exposure ( Figure 6 ).
Finally, we evaluated the newborn rat pulmonary arterial response to H 2 O 2 following smooth muscle precontraction with U46619 ( Figure 7) . A nonsignificant increase in force was observed with incremental concentrations of H 2 O 2 up to 
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Oxygen and newborn pulmonary vasculature 10 -6 mol/l, beyond which significantly increased vasorelaxation was observed, reaching almost 50% of maximum contraction, at 10 -4 mol/l. This finding is in keeping with the lower forceresponse to U46619 observed in the female hyperoxia-exposed pups and thought to be related to the increased SOD activity and H 2 O 2 generation.
Hyperoxia Exposure and RhoA/Rho Kinase Pathway
The lung tissue ROCK I and II, as well as the regulatory myosin light-chain phosphatase regulatory unit (MYPT) phosphorylation, as a measure of ROCK activation, were evaluated in pups exposed to air or hyperoxia (Figure 8 ). Whereas no significant Intralobar pulmonary arteries mounted on a wire myograph derived from (a) male and (b) female pups exposed to either air or 100% O 2 for 1 h in vivo. Dose-response to the thromboxane A2 analog U46619 (a, b) and (c) 128 mmol/l KCl is shown. **P < 0.01 vs. air-treated by two-way ANOVA (a, b) or Student's t-test (c). n = 18-20 for males and n = 16-23 for females per group. Open bars or circles, air-exposed; solid bars or circles, oxygen-exposed. Intralobar pulmonary arteries mounted on a wire myograph derived from (a) male and (b) female pups exposed ex vivo to either air/6% CO 2 or 94% O 2 /6% CO 2 for 1 h in the muscle bath. Dose-response to the thromboxane A2 analog U46619 (a and b) and 128 mmol/l KCl (c) are shown. **P < 0.01 vs. air-treated by two-way ANOVA (a, b) or Student's t-test (c). n = 8 for male and female arteries per distinct gas-exposure group. Open bars or circles, air/6% CO 2 -exposed; solid bars or circles, 94% O 2 /6% CO 2 -exposed. Articles Enomoto et al.
change in lung ROCK content was observed, its activity was increased in male and decreased in female lung tissue (P < 0.001), in keeping with functional ROCK activation leading to pulmonary vasoconstriction in males exposed to short-term hyperoxia.
We obtained further ROCK activation measurements in third-to fourth-generation intrapulmonary arteries of air-and oxygen-treated pups of both sexes. As shown in Supplementary  Figure S1 online, no statistically significant differences were noted between the sexes.
Lung DHE and 3-Nitrotyrosine Immunostaining
Lung dihydroethidium (DHE) immunofluorescence was obtained in air-and oxygen-treated newborn animals of both sexes. As noted in Figure 9 , a significant increase in SODdependent DHE fluorescence was observed in the lungs of both male and female pups. There was a trend toward the male oxygen-treated lung having a higher fluorescence, as compared with those of the females, which was close to statistical significance (P = 0.06). Lung peroxynitrite formation was qualitatively assessed in the lung tissues of male and female animals. As compared with female lungs, a greater 3-nitrotyrosine immunostaining of pulmonary arterial tissue was apparent in the large and small vessels of male pups (Figure 9 ).
DISCUSSION
We observed that short-term exposure to hyperoxia induces significant changes in the newborn rat pulmonary arterial vascular contractile potential that are highly dependent on sex and postnatal age. Stimulation with the thromboxane A 2 analog U46619 resulted in enhanced force in the hyperoxia-exposed male, as compared with the opposite effect in the pulmonary arteries of female pups. This sex-dependent effect appears to be regulated by a greater expression of SOD3 and hyperoxia-induced SOD activation in the female lung. These changes likely account for the higher lung H 2 O 2 content and reduced pulmonary arterial force generation in female pups, whereas the opposite was true for males. Addition of a peroxynitrite decomposition catalyst to the incubation media abolished the enhanced dose-response of the male newborn pulmonary arteries to U46619, suggesting that this molecule plays a role in the hyperoxia-induced changes in the newborn vascular tone. Lung SOD-dependent DHE fluorescence and the qualitative assessment of nitrotyrosine immunostaining further support a greater generation of peroxynitrite in male and H 2 O 2 in female pups.
Until recently, neonates were commonly exposed to supplemental O 2 during the resuscitation process. Such a practice was viewed as beneficial toward the successful transition from fetal to postnatal life by ensuring a rapid decrease in pulmonary vascular resistance and adequate tissue oxygenation. Mounting evidence of short-and long-term harmful effects of supplemental O 2 -induced oxidative stress challenged this practice. Accordingly, the North American and European pediatric associations, among others, now recommend air resuscitation for full-term infants (4).
Exposure to supplemental O 2 during the neonatal period, however, is not just confined to resuscitation at birth. Infants with respiratory distress are therapeutically managed with supplemental O 2 to maintain adequate arterial O 2 saturation. Although ensuring normoxemia (adequate blood oxygenation), this approach exposes proximal and distal airways and the pulmonary arterial bed to high O 2 concentrations. The impact of exposure to supplemental O 2 has been mostly studied from the clinical perspective of biotrauma and the development of chronic lung disease in neonates. Bronchopulmonary dysplasia, the disease most commonly associated with exposure to supplemental O 2 , is histologically characterized by different degrees of pulmonary vascular remodeling (16) . Yet little is known about the potential harmful effects to the pulmonary vasculature of short-term O 2 exposure.
Acutely, hyperoxia is a pulmonary vasodilator, whereas hypoxia induces pulmonary vasoconstriction (17) . Exposure to an inspired O 2 concentration different from air for even short periods of time can alter the pulmonary vascular tone (1, 18) . The mechanism accounting for these changes is poorly understood and only limited data are available on newborn animals. Figure 5 . Pulmonary arterial muscle contraction in 2-wk-old rats. Dose-response to the thromboxane A2 analog U46619 of intralobar pulmonary arteries mounted on a wire myograph derived from (a) males and (b) females exposed to either air or 100% O 2 for 1 h. *P < 0.05, **P < 0.01 vs. air-treated by two-way ANOVA. n = 4-6 for males and n = 14-16 for females per group. Open circles, air-exposed; solid circles, oxygen-exposed.
copyright © 2012 International Pediatric Research Foundation, Inc.
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In this study, we showed that a relatively short exposure to supplemental O 2 induces significant changes in the pulmonary vascular response to contractile agonists that persist after hyperoxia is terminated. The mechanism accounting for this lasting response is unclear but is likely related to supplemental O 2 -induced ROS generation by endothelial cells (19) or peroxynitrite/isoprostanes at the level of the alveoli that reach the vasculature via diffusion (20) . Mitochondrial matrix oxidant stress has also been documented in pulmonary arterial smooth muscle cells of newborn lambs exposed to 100% O 2 (21) .
In designing this study, we reasoned that 100% O 2 exposure would result in superoxide generation at the level of the pulmonary arteries. Once formed, superoxide has a very short half-life and is either dismutated to H 2 O 2 by SOD or this reaction is outcompeted by nitric oxide to produce peroxynitrite, a powerful pulmonary vasoconstrictor in newborn rats (14) . Superoxide may enhance pulmonary vascular tone in rats via its direct stimulation of ROCK, thus promoting inhibition of myosin lightchain phosphatase activity and calcium sensitization (15) . We have previously shown that H 2 O 2 is a pulmonary vasodilator in mice (22) and have documented the same response in the pulmonary arteries of newborn rats in this study. Therefore, we speculate that lung SOD content and activity may modulate the fate of hyperoxia-induced superoxide formation thereby favoring a reduction or an increase in pulmonary arterial response to thromboxane.
Pulmonary SOD activity is known to significantly increase in humans following birth and with advancing postnatal age (23) . In the newborn rat lung, O 2 exposure induces an increase in SOD activity (24) . Yet this response is mostly seen during the neonatal period and may account for the increased tolerance to hyperoxia early in life (25) . Of note, Frank et al. (26) reported more than 30 y ago that SOD activity of sick neonates with hyaline membrane disease fails to increase following exposure to O 2 , possibly contributing to superoxide-induced pulmonary hypertension.
Survival following chronic exposure to O 2 in rats depends on sex. Female juvenile rats are more tolerant of O 2 toxicity, and survival of chronic exposure to O 2 is increased following (c, f) . n = 4-6 for males and n = 4-8 for females per group. Open circles, air-exposed; solid circles, oxygen-exposed. Articles Enomoto et al.
castration in male animals (11) . However, sex-related differences were not previously evaluated in the studies addressing the hyperoxia effect on lung tissue SOD activity. In this study, we showed that 100% O 2 for 1 h induces an increase in lung SOD activity of female, but not male, newborn rats. In addition, we documented that lung SOD3 content was significantly greater in female, as compared with male, newborn rats. Therefore, the higher lung SOD content and SOD activity following exposure to hyperoxia appear to be the key factors accounting for the sex-related differences in the newborn pulmonary vascular tone changes associated with exposure to hyperoxia.
A reduced pulmonary arterial dose-response to U46619 was documented in this study in female pups, whereas the opposite effect occurred in males. This finding, in conjunction with the hyperoxia-induced increase in lung H 2 O 2 observed solely in females, strongly suggests that the reduced thromboxanemediated force development in the pulmonary arteries reflects dismutation of the excess superoxide by SOD. Despite the published evidence that H 2 O 2 can inactivate SOD3 (27) , our data on hyperoxia-exposed female pups suggest otherwise. This apparent discrepancy might be related to the fact that although the lung H 2 O 2 content was increased, the levels measured in the present experiments are significantly lower than those required for SOD inactivation, as previously reported (27) .
It is unlikely that endothelial nitric oxide synthase uncoupling accounted for the enhanced force observed in the hyperoxia-exposed pulmonary arteries of male, but not female, pups. Such a conclusion is based on the lack of significant change in endothelium-dependent pulmonary vasorelaxation following hyperoxia exposure. Nitric oxide synthase uncoupling results in the formation of superoxide instead of nitric oxide. Had this happened to the hyperoxia-treated pulmonary arteries of male pups, one would expect marked reduction or suppression of the endothelial-dependent vasorelaxation.
There is evidence that following oxidative stress ROCK activation occurs either as a result of peroxynitrite generation or via superoxide-induced RhoA signaling (28, 29) . In this study, we documented a significant increase in MYPT phosphorylation. Such phosphorylation has been shown to inhibit the enzyme 
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Oxygen and newborn pulmonary vasculature ability to dephosphorylate myosin, thus promoting further contraction independent of intracellular calcium changes in rat pulmonary arteries (15) . We have recently shown that chronic exposure to hypoxia promotes pulmonary hypertension in newborn rats via the Rho kinases pathway (30) . In our study, we observed significant ROCK activation in hyperoxia-treated male pup lungs but not their third-generation pulmonary arteries. Such apparent discrepancy likely relates to the fact that the whole lung protein extraction has a greater representation of smaller resistance vessels where ROCK activation is more likely to occur, as compared with the near resistance arteries assayed individually. The possible contribution of airway and pulmonary vascular venous tissue to the enhanced ROCK activation demonstrated in whole lung extracts cannot be ruled out and requires further investigation.
In keeping with the sex-dependent fate of hyperoxiainduced superoxide, we showed in this study that lung SODdependent DHE fluorescence is increased following oxygen exposure in both sexes but with a tendency for higher values in male pups. 3-Nitrotyrosine immunostaining of the lung confirmed peroxynitrite generation that was qualitatively increased in the pulmonary vessels of male, as compared with female, pups.
In humans, neonatal survival is clearly sex dependent, being significantly greater for females, even in the postsurfactant era (12) . Given that most of the neonatal mortality relates to premature birth and these neonates usually have surfactant deficiency requiring supplemental O 2 , it is tempting to relate sex differences in the handling of oxidative stress to survival and morbidity. Age appears to also play an important role in the sex-dependent hyperoxia-induced changes in pulmonary vascular tone. Whereas a significant increase in the thromboxane-induced force dose-response was seen in the first days of life in male rats, animals exposed to hyperoxia during their second week of life did not show this effect.
Prenatal exposure to corticosteroids has been shown to accelerate maturation of the lung antioxidant enzymes in rodents (31) and humans (32) . Glutathione and other pulmonary antioxidant enzymes markedly increase during fetal gestation, likely as a result of the mitochondrial and microsomal-generated ROS generation prenatally (33) . In our study, we showed that although glutathione oxidation in response to hyperoxia exposure was present in both sexes, the magnitude of change was significantly greater in the lungs of female, as compared with male, pups. This, we believe, relates to the increased H 2 O 2 content in female newborn pup lungs exposed to 100% O 2 because in its presence glutathione peroxidase activity increases (34) .
Finally, the discrepant results obtained when inducing hyperoxia ex vivo vs. in vivo merit discussion. In contrast to the in vivo studies in which the pups were allowed to breathe 100% O 2 , the ex vivo experiments involved testing the pulmonary arterial response following a 1-h exposure in the muscle bath to 94% O 2 . Articles Enomoto et al.
In contrast with the in vivo experiments, no sex-dependent differences were noted for the ex vivo hyperoxia-exposed arteries. This apparent discrepancy can be explained as follows. First, we use air when evaluating the mechanical properties of pulmonary arterial smooth muscle in the muscle bath. Bubbling air generates a higher than physiologic O 2 tension in the bath (PO 2 = 125 mm Hg), yet this is necessary to ensure adequate oxygenation of the tissue core as the vasa vasorum circulation of these arteries is not active ex vivo. Bubbling 94% O 2 in the bath generates a PO 2 of 500 mm Hg, which would certainly trigger a number of nonphysiologic events in the pulmonary arteries.
An ex vivo increase in PO 2 has been shown to promote vascular smooth muscle contraction via L-type calcium channels (35) , and this phenomenon is operative in resistance pulmonary arteries (36) . Yet acute hyperoxia is known to induce pulmonary vasodilation in several newborn animal species (37) . Thus, the pulmonary vascular changes induced by high oxygen concentration breathing are distinct from the nonphysiologic exposure to hyperoxia ex vivo. Such important differences likely explain the discrepancy with regard to the sex-dependent data obtained under the two conditions and emphasize the importance of evaluating the pulmonary vascular tissue following the physiologic in vivo, as compared with ex vivo, conditions. In summary, this study documents significant sex-and age-related differences in response to short-term hyperoxia. Enhanced pulmonary vascular tone following 100% exposure to O 2 is seen in male and not in female neonates as a result of differences in both lung SOD content and its hyperoxia-induced upregulation. These findings may be of clinical relevance to the increased incidence of persistent pulmonary hypertension syndrome in male newborns as compared with female newborns.
METHODS
Chemicals and Reagents
All chemicals and reagents were obtained from Sigma Aldrich (Oakville, Ontario, Canada), unless otherwise indicated.
Animals
All procedures were conducted according to the criteria established by the Canadian Council on Animal Care and were approved by the animal care committees of The Hospital for Sick Children Research Institutes.
Sprague-Dawley rats of both sexes were studied between 1 and 14 d of life. Immediately after exposure to either air or hyperoxia, the animals were killed with an overdose of pentobarbital sodium (50 mg/kg i.p.; BHD, Toronto, Ontario, Canada) and the lungs quickly removed. For the organ bath measurements, third-generation intrapulmonary arteries were obtained while the lungs were maintained in ice-cold bubbled Krebs-Henseleit solution (NaCl, 115 mmol/l; NaHCO 3 , 25 mmol/l; NaHPO 4 , 1.38 mmol/l; KCl, 2.51 mmol/l; MgSO 4 ·7H 2 O, 2.46 mmol/l; CaCl 2 , 1.91 mmol/l; and dextrose, 5.56 mmol/l). The lung tissue to be used for biochemical measurements was flushed clear of blood with cold phosphate-buffered saline and snap-frozen in liquid nitrogen.
Hyperoxia Exposure
Animals were retrieved from their mothers and immediately placed in a temperature-controlled environment maintained at 37 °C to prevent hypothermia. The pups were exposed to 100% O 2 for 1 h, whereas a similarly treated control group was maintained under air conditions. All pups tolerated the exposure to hyperoxia well and no deaths were observed.
Organ Bath Studies
The functional in vitro evaluation of newborn pulmonary arteries has been previously described (38) . Briefly, third-generation lung intralobar pulmonary artery ring segments (average diameter 80-100 μm and length 2 mm) were dissected free and mounted in a wire myograph (Danish Myo Technology A/S, Aarhus, Denmark). Isometric changes were digitized and recorded online (Myodaq, Danish Myo Technology A/S). Tissues were bathed in Krebs-Henseleit buffer bubbled with air/6% CO 2 and maintained at 37 °C. After 1 h of equilibration, the optimal tissue resting tension was determined by repeated stimulation with 128 mmol/l KCl until maximum active tension was reached. All subsequent force measurements were obtained at optimal resting tension.
For the ex vivo hyperoxia exposure experiments, third-generation pulmonary arteries of control animals were maintained in KrebsHenseleit buffer bubbled with 94% O 2 /6% CO 2 in the muscle bath for 1 h. Following this, the arteries were switched to Krebs-Henseleit buffer bubbled with air/6% CO 2 for the measurement of their agonist-induced force generation. Control arteries were incubated for a similar period of time on Krebs-Henseleit buffer bubbled with air/6% CO 2 .
The pulmonary vascular muscle contraction was induced with the thromboxane A 2 -mimetic U46619 (Cayman Chemical, Ann Arbor, MI) or high potassium concentration (128 mmol/l). Following precontraction with U46619 at concentrations equivalent to the effective concentration to induce 75% of maximal contraction (EC 75 ), the endothelium-dependent and -independent relaxation dose-responses were obtained with acetylcholine and sodium nitroprusside, respectively, as well as H 2 O 2 . The former was evaluated in the presence and absence of the respective scavengers for superoxide (Tiron: 100 µmol/l; PEG-catalase: 200 µ/ml) and peroxynitrite (5,10,15,20-Tetrakis(4-sulfonatophenyl) porphyrinate iron (III) chloride; 100 µmol/l; Millipore, Billerica, MA). Contractile responses were normalized to the tissue cross-sectional area as follows: (width × diameter) × 2 and expressed as mN/mm 2 .
H 2 O 2 Microsensor
Lung homogenate supernatants were tested using a calibrated H 2 O 2 -specific sensor (World Precision Instruments, Saratosa, FL) attached to an Apollo 4000 Free Radical Analyzer (World Precision Instruments). Results were measured as µmole H 2 O 2 /g protein for lung and expressed as a percentage of the respective age wild-type values.
Glutathione Determination
Reduced (GSH) and oxidized (GSSG) glutathione were determined by ultraperformance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) following the procedure of Harwood et al. (39) with some modifications based on Nishiyama and Kuninori's method of determination of thiols (40) . Briefly, lung tissue was homogenized in the presence of N-ethylmaleimide 10 mmol/l dissolved in phosphate-buffered saline at a 4:1 (vol/wt). Samples were deproteinized with 4% vol/vol perchloric acid and centrifuged at 11000 rpm for 15 min at 4 °C. Five microliters of phenylalanine-d5 (3.5 µmol/l) was added to 100 μl supernatant and subjected to UPLC-MS/MS analysis using an Acquity UPLC coupled to a Xevo TQ-S MS (Waters, Manchester, UK). Chromatographic separations were carried out at 50 °C using a C18 Kinetex column (Phenomenex, Torrance, CA) and an injection volume of 2 µl. A 6-min gradient elution was performed at a flow rate of 400 µl min -1 . The following solvents were used as the mobile and stationary phases: water + formic acid 0.1% vol/vol and acetonitrile + formic acid 0.1% vol/vol, respectively. These were kept for 1 min, followed by a linear gradient up to 85% of basal for 1.5 min, then isocratic condition was held for 2 min. Finally, a 0.25-min linear gradient was used to return to the initial conditions. Positive ion electrospray MS/ MS was recorded using the following conditions: capillary voltage 3 kV; source temperature 350 °C; and cone and nebulization gases set at 750 and 180 l/h, respectively. The limits of detection and quantitation for both GSH and GSSG were in the 5-10 nmol/l range.
SOD Activity
Total and mitochondrial lung SOD activity was measured in the tissue homogenate supernatant using a commercially available assay kit (Cayman Chemical).
